Observing system experiments are used to quantify the contributions to the forecast made by conventional in situ and remotely sensed satellite data.
Introduction
A diagnostic evaluation of all data being used by operational data assimilation systems is vital if the full impacts of the numerous data sources available today are to be realized. If these types of experiments are not conducted, the integrated influence of each data type will never be understood or identified.
A study of this type also helps delineate the relative importance of data from the Geostationary Operational Environmental Satellites (GOES) and Polarorbiting Operational Environmental Satellites (POES). The results are of interest to personnel at the National Centers for Environmental Prediction (NCEP) developing future assimilation methods. The results are also of interest to Global Forecast System (GFS) users trying to assess the relative importance of different data types in an operational global model.
A unique aspect of this work, afforded by the Joint Center for Satellite Data Assimilation (JCSDA) and NCEP, is the ability to conduct impact studies at the operational resolution of the time. Until recently, limited resources required that studies covering several seasons be completed at reduced spatial and vertical resolutions. This limitation restricted the conclusions that could be reached with respect to the operational configurations.
This study's goal is to investigate the overall forecast impact of conventional in situ data and remotely sensed satellite data used in the NCEP Global Data Assimilation System (GDAS) for extended periods during the two opposite seasons. This work is similar to observing system experiments (OSEs) conducted with the European Centre for Medium-Range Weather Forecasts (ECMWF) global model by Kelly (1997) and is complementary to the Zapotocny et al. (2000 Zapotocny et al. ( , 2002 Zapotocny et al. ( , 2005a work using the NCEP operational regional model.
In contrast to previous work using the NCEP Eta Data Assimilation System (EDAS; Zapotocny et al. 2000 Zapotocny et al. , 2002 Zapotocny et al. , 2005a , this study investigates the impacts in NCEP's global analysis and forecast system. Evaluation of data impacts in this global system are more straightforward than in regional experiments since there are no effects from lateral boundaries, as was the case with the operational EDAS.
The paper is structured as follows. Section 2 briefly describes the GDAS/GFS version used for this study and the methods used to run the experiments. Section 3 discusses the diagnostics used to evaluate the forecast impacts. Section 4 presents the impact results for the two data sources investigated through 7 days of model forecasts. The overall denial results are summarized in section 5.
The model and data assimilation system
For these experiments we used the complete NCEP operational database of conventional and satellite data. The observations used in this work include upper-air rawinsonde observations of temperature, horizontal wind, and specific humidity; operational Advanced Television Infrared Observation Satellite (TIROS-N; Reale 1995; NOAA 2000) Operational Vertical Sounder (TOVS) (Smith et al. 1979) radiances from the High Resolution Infrared Radiation Sounder (HIRS), the Microwave Sounding Unit (MSU) (Spencer et al. 1990) , the Advanced Microwave Sounding Unit (AMSU-A and AMSU-B) sensors (NOAA 2005) , ozone information from the Solar Backscatter Ultraviolet (SBUV) sensors (Miller et al. 1997) ; Defense Meteorological Satellite Program (DMSP) Special Sensor Microwave Imager (SSM/I) surface wind speed (Alishouse et al. 1990 ); derived surface winds from the Quick Scatterometer (Quikscat; Yu and McPherson 1984) ; atmospheric motion vectors from geostationary satellites (Menzel et al. 1998 ); aircraft observations of wind and temperature; land surface reports of surface pressure; and oceanic reports of surface pressure, temperature, horizontal wind, and specific humidity. Keyser (2001a Keyser ( , 2001b Keyser ( , 2003 provides an excellent overview of data types provided to NCEP on a daily basis and used operationally for the experiments of this study. The conventional satellite data denied in these experiments are summarized in Tables 1 and 2, respectively. The NCEP assimilation system consists of a first or "early" cycle with a 2.5-h cutoff. The analyses for this cycle are centered on 0000, 0600, 1200, and 1800 UTC and are followed by a 384-h forecast. Consistent with the operational GDAS/GFS of the time, the model resolution starts at T254L64, is then is reduced to T170L42 at 84 h, and finally it is reduced to T126L28 at 180 h. For this study, only the 0000 UTC forecasts were run out to 384 h. The analysis is repeated later (ϩ6 h) to provide the "final" analysis for the 6-h forecast for the next early cycle first guess. This "final" analysis includes data that had missed the previous "early" cutoff.
a. The global spectral model
Comprehensive documentation of the GFS was completed by the National Meteorological Center (NMC) (now NCEP) Development Division in 1988 and can be found online (http://wwwt.emc.ncep.noaa.gov/gmb/ wd23ja/doc/web2/tocold1.html). Subsequent model developments after completion of the above documentation have been summarized by Kanamitsu (1989) , Kal-nay et al. (1990) , and Kanamitsu et al. (1991) . More recent updates to the radiation, surface layer, vertical diffusion, gravity wave drag, convective precipitation, shallow convection, and nonconvective precipitation can also be found online (http://sgi62.wwb.noaa.gov: 8080/research/SONGYU/doc/physmrf1.html). The most recent information about the GFS atmospheric model (2003) is available from NCEP (or online at http://www.emc.ncep.noaa.gov/officenotes/newernotes/ on442.pdf). A summary of GFS changes and references up to and past the dates of this study are available in an "updates" log of changes online (at both http:// www.emc.ncep.noaa.gov/gmb/moorthi/gam.html and http://www.emc.ncep.noaa.gov/gmb/STATS/html/ model_changes.html).
For these denial experiments, the 20 November 2003 operational version and resolution of the GFS were used. A horizontal resolution of 254 spectral triangular waves (T254) was used with a Gaussian grid of 768 ϫ 384 or approximately equal to 0.5°ϫ 0.5°latitude and longitude. The vertical domain ranges from the surface to approximately 0.27 hPa and is divided into 64 unequally spaced sigma layers with enhanced resolution near the bottom and top of the model domain. There are 15 layers below 800 hPa and 24 layers above 100 hPa. The time integration is leapfrog for nonlinear advection terms and semi-implicit for gravity waves and the zonal advection of vorticity and moisture. The time step is 7.5 min for the computation of the dynamics and physics, except that the full calculation of longwave radiation is done once every 3 h and for shortwave radiation it is performed every hour. The long-and shortwave radiation tendencies from these "full" computations are applied linearly every time step as explained in Chou (1992) .
b. The spectral statistical interpolation
The analysis scheme is a three-dimensional variational data assimilation (3DVAR) scheme cast in spectral space and is referred to as the Spectral Statistical Interpolation (SSI) algorithm (Derber et al. 1991: Parrish and Derber 1992) . With this type of analysis system, the incorporation of radiances directly into the analysis and assimilation system has become practical. The analysis becomes a 3D retrieval of mass, momentum, and moisture fields derived from all available data including the radiances. In October 1995 the direct use of clear and cloud-free satellite radiances in the construction of mass, momentum, and moisture fields was first introduced (Caplan et al. 1997) . The methodology for using the radiance data (including the bias correction, ozone analysis, skin temperature, and quality control) is described in Derber and Wu (1998) with the latest upgrades described in Derber et al. (2003) . The Joint Center for Satellite Data Assimilation (JCSDA) Community Radiative Transfer Model (CRTM) de- 
scribed in Kleespies et al. (2004) has been incorporated into the SSI to improve radiance assimilation. The SSI uses a thinning routine that identifies the optimal radiance profile for each satellite sensor type (AMSU, HIRS, MSU, etc.) in a predesignated grid box. The optimal radiance profile is determined by its departure from the model background temperature, distance from the center of the grid box, temporal departure from the assimilation time, and surface features (ocean, land, ice) .
A hurricane relocation system has been part of NCEP's analysis system since 2000 (Liu et al. 2000) . The hurricane relocation algorithm moves the hurricane vortex in the model first-guess field to the observed location before the SSI updates the analysis and is explained by Kurihara et al. (1995) . If the vortex is too weak in the guess field, a bogus vortex is added to the SSI data analysis as explained by Lord (1991) .
Experimental design
Diagnostics presented here include statistics commonly used by NCEP and other NWP centers world wide. The computation of all anomaly correlations for forecasts produced by the GFS are completed using code developed and maintained at NCEP. NCEP (NWS 2006) provides a clear description of the method of computation while Lahoz (1999) presents an overall description of what the anomaly correlation is typically used for. The fields being evaluated, which are truncated to only include spectral wavenumbers 1-20, are limited to the zonal bands 60°-90°and 20°-80°for each hemisphere and a tropical belt within 20°of the equator (20°N-20°S).
The NCEP-National Center for Atmospheric Research (NCAR) reanalysis fields (Kistler et al. 2001) are used for the climate component of the anomaly correlations. This reanalysis was run at a resolution of T62L28. The output grids were reduced to 2.5°ϫ 2.5°h orizontal resolution and to rawinsonde mandatory levels. To calculate anomaly correlations, the output grids from the control and both experiments were reduced to this 2.5°ϫ 2.5°horizontal resolution using the GFS postprocessor.
Another diagnostic used here is the root-mean square (RMS) of the forecast impact (FI), which is discussed further by Zapotocny et al. (2005a) . For this study, a series of two-dimensional FI results are presented as the positive-negative impact provided by the denial of a particular data type. The geographic distribution of FI shown in section 4b for a specific pressure level is evaluated using
͑1͒
The variables C and D are the control and denied forecasts, respectively. The variable A is the 0-h GDAS control analysis containing all data types, which is valid at the same time as the forecasts. Here, N is the number of diagnostic days.
The vertical cross-sectional plots shown in section 4c are evaluated using
where X is the number of horizontal grid points and AЈ, CЈ, and D, are the area-weighted values of A, C, and D defined in (1). The area ratio weights the grid points to account for the reduction in area as the grid boxes approach the poles. The area ratio weighting is defined as
where is the latitude of grid point i and ⌬ is northsouth resolution of the grid box. The numerator is the relative size of the grid box. The denominator is the relative size of a grid box at the equator. The FI is then averaged over the number of days by using
where FI is from (2) and N is the number of diagnostic days.
The first terms on the right-hand side enclosed by parentheses in (1) and (2) can be considered to be the errors in the denied experiment. The second terms enclosed by parentheses in (1) and (2) can be considered to be the errors in the control forecast. Dividing by the error of the control forecast normalizes the results. Multiplying by 100 provides a percent improvementdegradation with respect to the RMS error of the control forecast. A positive forecast impact means the control forecast compares more favorably to its corresponding analysis with the data type excluded.
All FI diagnostics were computed from grids generated by NCEP's postprocessing package. These grids have a 1°ϫ 1°horizontal resolution and have 26 vertical isobaric surfaces. None of the fields have been smoothed during calculating or plotting.
All diagnostics exclude the first 15 days of each seasonal time period. This delay in evaluating the statistics allows for the impact of the denied data to be removed from the model initial conditions. Excluding the first 15 days reduces the two seasonal windows to 32 and 37 days for the Northern Hemisphere winter and summer, respectively. The forecast diagnostics for this paper were also terminated at 168 h to concentrate on the shorter-term forecast impacts.
Results
The impacts of the satellite and conventional data on the quality of forecasts made by the GFS for two time periods are explored in detail. The first time period covers 15 January-15 February 2003, the second covers 15 August-20 September 2003. The selection of these time periods enables the diagnostics to sample both summer and winter seasons in each hemisphere. The fields diagnosed in this paper consist of geopotential heights, temperature, u component of the wind, wind vector differences, relative humidity, and vertically integrated precipitable water. Underground grid points on isobaric surfaces intersecting the earth's surface are not included in the evaluations. The impact of satellite and conventional data on hurricane track forecasts are also evaluated. To maximize the number of tropical cyclones available for this study in the Atlantic and eastern Pacific basins, the Northern Hemisphere summer time period was shifted and slightly extended toward the fall season. Con, and control experiments during 15 January-15 February and 15 August-20 September. The blue line is the control simulation, which closely replicates NCEP operations and includes all data routinely used by the GDAS/GFS. The green line is the anomaly correlation diagnosed from the simulations that removed the conventional data shown in Table 1 . The magenta line is the anomaly correlation diagnosed from removing the satellite data shown in Table 2 . In these types of denial experiments, the larger the separation between the denied and control experiments anomaly correlations, the greater the importance the removed data have on the quality of the simulation. The midlatitude 500-hPa Northern Hemisphere geopotential height anomaly correlations for the control and two experiments shown in Fig. 1a indicate that the control simulation has the highest anomaly correlation every forecast day after the first day. In fact, at day 5 the control anomaly correlation is just slightly greater than 0.85. The NoCon and NoSat experiments produce lower and very similar anomaly correlations through day 5. After day 5, the NoSat denial anomaly correlation begins to decrease faster than the NoCon anomaly correlation. These results suggest that the NoCon and NoSat data types are of nearly equal importance to forecast quality out to day 5 for midlatitudes of the Northern Hemisphere during January-February 2003. Figure 1b presents the midlatitude Southern Hemisphere anomaly correlation results for the NoSat and NoCon denials for the January-February time period. Similar to Fig. 1a , the control (green) simulation produces the highest anomaly correlation for all 7 days. This suggests that the conventional and remotely sensed data both provided some value to forecast quality. However, the forecast quality is much worse in the Southern Hemisphere after removing the satellite data (magenta) than it is in the Northern Hemisphere. This is indicated by the dramatic reduction in anomaly correlation for all simulation days shown in Fig. 1b . In fact, while the control experiment has a Southern Hemisphere day 5 anomaly correlation of 0.79, the day 5 anomaly correlation after removing the satellite data is slightly less than 0.50. Another very noticeable characteristic of the Southern Hemisphere midlatitude results is that the removal of conventional data yields a smaller reduction in the anomaly correlation than in the Northern Hemisphere. The greater impact of satellite data in the Southern Hemisphere is typically attributed to there being considerably less conventional data in that hemisphere. Finally, it is generally accepted that an anomaly correlation of 0.6 or greater provides a positive measure of forecast skill. This suggests that removing the satellite data in the Southern Hemisphere would decrease the useful forecast time from approximately 7 days to approximately 4 days for this time period.
a. Anomaly correlations
Figures 1c and 1d present the waves 1-20 anomaly correlations for the midlatitude Northern and Southern Hemispheres, respectively, during the August-September 2003 time period. While some differences are seen, the overall conclusion is the same as in the JanuaryFebruary 2003 results shown in Figs. 1a and 1b . It is interesting to note that a 5-day control forecast (with satellite data) has about the same skill as a 4-day forecast without satellite data in the Northern Hemisphere (Fig. 1c) and a 2.5-day forecast without satellite data in the Southern Hemisphere (Fig. 1d) .
Results similar to this NoSat experiment are presented in Kistler et al. (2001) . Albeit in a slightly different form, their Fig. 5 presents the Northern and Southern Hemisphere impacts from their "SAT" and "NOSAT" experiments for an older T62-28 layer version of the NCEP global system. Their results show a nearly neutral contribution from the satellite data in the Northern Hemisphere and a very large contribution from satellite data in the Southern Hemisphere; however, some satellite instruments used in this experiϪ ment were not available during the Kistler et al. (2001) study.
In addition to documenting NoSat results similar to this experiment, the Kistler et al. (2001) results present a 50ϩ yr record of the NCEP anomaly correlation for the T62-28 layer reanalysis project. Those results depict an increase in the anomaly correlation of between 0.05 and 0.10 at day 5 in the Southern Hemisphere during the 1990s. While this is for an older version of the GFS and at a reduced resolution, it does support the 0.30 increase in the anomaly correlation at day 5 in the Southern Hemisphere achieved by the addition of satellite data in this study (see Figs. 1b and 1d) . until approximately day 4.5. This error growth of rapid at first, then slowing as the integration proceeds has been characteristic of the GFS. Figure 2 indicates that neither satellite nor conventional data provide a dominant influence for these time periods in the Tropics. In lower levels, the impact of removing the conventional data is more detrimental to the forecast quality of the 850-hPa RMS vector difference (Figs. 2a and 2b) . At upper levels, the impact from removing satellite data is more detrimental to the RMS vector difference at 200 hPa (Figs. 2c and 2d) . Figure 3 presents the day 0-7 geopotential height anomaly correlations at 500 hPa within the two polar caps (60°-90°) for both seasons. During the Northern Hemisphere winter (Fig. 3a) , a nearly equal decrease in anomaly correlation is noticed from the removal of both the conventional and satellite data through day 7, with the day 7 anomaly correlations approximately 0.12 lower for both denials than the control. Less impact is noticed near the poles from the removal of these cumulative data types in the Northern Hemisphere summer (Fig. 3c) , with the NoCon and NoSat anomaly correlations close to one another and the control from day 0 to day 7. The removal of satellite data, however, appears to degrade the forecast a little more than does the removal of conventional data.
Relative to its Northern Hemisphere counterpart, a vastly different anomaly correlation distribution is noticed in the Southern Hemisphere polar cap region during each season. In the polar cap region of the Southern Hemisphere, a rapid decrease in anomaly correlation is noticed from the removal of satellite data during both seasons (Figs. 3b and 3d ). This is consistent with the 20°-80°anomaly correlations presented in Fig. 1 , which partially cover the same geographic area.
Daily 20°-80°zonal band anomaly correlations by season for each denial experiment plus the control simulation are presented in the time series shown in Figs. 4a-d. As expected from the previous results, the control experiment generally has the highest anomaly correlation; however, its daily values fluctuate substantially. The 5-day anomaly correlation standard deviations of the control run for January-February (AugustSeptember) are 0.053 (0.068), while the NoCon and NoSat values are 0.055 (0.078) and 0.096 (0.095), respectively. These values represent the average values of both 20°-80°zonal bands and illustrate that there is much more daily variability in anomaly correlation from the removal of these data, particularly the satellite data. Figure 1a illustrates that the day 5 monthly averaged control anomaly correlation is 0.06 better than the two denials. However, examining the Northern Hemisphere January-February 2003 daily results of Fig. 4a indicates that there are several days when the control anomaly correlation is at or below the NoCon and NoSat level of accuracy. The same is true and even more pronounced for the August-September 2003 Northern Hemisphere results (Fig. 4c) . Figures 4b and 4d show that the South- 
b. Geographic distributions of forecast impact
Figures 5 and 6 present geographical distributions of forecast impact, determined using (1), for vertically integrated precipitable water. Fields like precipitable water forecasts are very important to the formation and amount of cloud cover, the location and amount of precipitation, and the overall forecast quality. Results from the January-February 2003 NoCon and NoSat experiments for forecast hours 12, 24, 48, and 72 are shown in Figs. 5 and 6. The NoCon 12-h results (Fig. 5a) show the largest forecast impacts in the polar latitudes of each hemisphere as well as over middle-and low-latitude landmasses. Smaller impacts are realized over the eastern Pacific and eastern Atlantic Oceans after 12 h with very limited impact over the Southern Ocean. This is expected due to the sparse coverage of conventional data over the oceans. The largest landmass impacts are over Australia and Antarctica, where the geographic outlines of the continents are apparent. Subsequently, there is a marked decrease in forecast impact of precipitable water by 24 h (Fig. 5b) . The largest impacts are still realized over much of the landmasses, for example, Antarctica, eastern North America, Australia, and Africa at this time. Further decreases in forecast impact are diagnosed by 48 and 72 h, with the generation of small regions of negative impact near the North Pole by 72 h. A forecast field often used to indicate forecast skill is the 500-hPa geopotential heights. Figures 9-12 present the geographic distributions of forecast impacts for this field for the two time periods and experiments examined. Figures 9 and 10 show the January-February 2003 NoCon and NoSat 500-hPa geopotential height results, respectively. For these fields, the same shading is used as for the precipitable water results in Figs. 5-8. Figure  9a shows that the largest positive impact in JanuaryFebruary 2003 for conventional data is over Antarctica.
Secondary maxima appear over northeastern North America and the Arctic Ocean. A large area of relatively small negative forecast impact is found in tropical latitudes west of South America. Elsewhere, the 500-hPa geopotential height forecast impacts from all conventional data during January-February 2003 are, for the most part, neutral. Figures 9b-d indicate that the 12-h forecast impacts decrease rapidly with time, which is consistent with the other verifications presented here.
A very different result is obtained when inspecting the 500-hPa geopotential height forecast impact results from the NoSat experiment during January-February 2003 in Fig. 10 . As with the precipitable water results (Fig. 6) , the largest impacts of the satellite data are between 50°and 80°S near 120°W. Another less expansive maximum is diagnosed over the Arctic Ocean. Forecasts over the southern oceans and much of the northern Indian Ocean have also improved. While there is a decrease in impact with time from 12 to 72 h, the impact does not fall to the level of those for the NoCon results in Fig. 9 . were discussed for Figs. 9 and 10 for January-February 2003.
c. Vertical cross sections of forecast impact
Figures 13-18 present vertical cross sections of the temporally and zonally averaged forecast impacts from both the NoSat and the NoCon experiments. The figures were computed using (2) and are partitioned into a global impact (top two panels in each of the figures) as well as hemispheric impacts within the zonal bands 20°-80°in each hemisphere. Forecast impacts from the temperature, u component, and relative humidity are shown for each seasonal time window. Figure 13 shows the January-February 2003 temperature forecast impacts from the NoCon and NoSat denials. Inspection of the plots reveals that the largest impacts are in the stratosphere for each hemisphere, with the Southern Hemisphere displaying the largest impacts. The Southern Hemisphere having the largest impact is consistent with the anomaly correlation scores in Fig. 1 .
In the troposphere, all six panels display a systematic decrease of FI with time. In the Northern Hemisphere, the FI has been reduced substantially by 48 h. There is a larger and more persistent Northern Hemisphere FI from the NoCon experiment (Fig. 13b) than from the corresponding Northern Hemisphere NoSat experiment (Fig. 13e) . This is in agreement with the zonal band anomaly correlation results in Fig. 1 (Figs. 13c and 13f) results. This is also consistent with the anomaly correlation results in Fig. 1 .
In relation to Figs. 13 and 14, it should be noted that the largest adjustments to model fields from new data often reside in the lower stratosphere. This is true for both hemispheres since the lower stratosphere is where strong temperature inversions exist, thereby creating a region difficult to simulate and verify.
Figures 14 and 15 present the u-component and relative humidity forecast impacts for January-February 2003, respectively. The same general conclusions can be drawn from examining the forecast impact to these state fields as was drawn for temperature in Fig. 13 . Specifically, forecast impacts from the NoSat experiment are greater and last longer than the forecast impacts from the NoCon experiment. Moisture FI results are limited to 100 hPa due to inaccuracies in computing saturation at the very cold temperatures found in the lower stratosphere. There are again marked decreases in forecast impact with time and the largest impacts are nearly always found in the lower stratosphere. In general, the temperature and u-component forecast impacts are not as large in August-September as they are in JanuaryFebruary. The moisture forecast impacts are of comparable size during each time period. It may also be noted that low-level and near-surface temperature, ucomponent, and moisture forecast impacts are degraded more by the removal of satellite data than conventional data in the Southern Hemisphere (see panels c and f in Figs. 16-18) . A final point about the zonally and temporally averaged forecast impact results is that the 6-h temporal resolution of the GFS archive used for these experiments is inadequate to resolve the rapid decrease in forecast impact that occurs in the first 12 h of these simulations.
d. Impact of removing satellite and in situ data on hurricane track forecasts
This section examines the impact that removing all satellite and all in situ data has on hurricane track forecasts out to 96 h in both the Atlantic and eastern Pacific basins during the relatively short time period of 15 August-20 September 2004. It is important to note that the hurricane dropsondes were removed as part of the in situ denial experiment. Furthermore, in order for a storm to be used in the diagnostics, the storm must exist in both experiments and the control. If a storm (tropical depression, tropical storm, or hurricane) is not found in the experiments and the control, it is discarded from the statistics. The diagnostics are computed over only one hurricane season, contributing to the small sample size, which must be taken into account when interpreting the results. For completeness, the sample size is shown on the bottom of each panel in Fig. 19 . It is also important to note that the sample size is considerably larger in the Atlantic basin for this time period than the Pacific basin, where at 72 and 96 h the sample size is only two storms. Figure 19 displays the average track error in the GFS forecasts for the control, NoSat, and NoCon experiments. Inspection of Figs. 19a and 19b, which show the average track errors in the Atlantic and Pacific basins, respectively, indicates that both the satellite and in situ data provide improvements to the track forecasts. This is implied from the fact that the control simulation has a lower average track error than either the NoSat or the NoCon experiments.
The gain from using the satellite data is in general larger than the gain from using the in situ data. This is true for all time periods presented, except the 12-h At- To highlight impacts at smaller percentages, the black contours have a 10% interval from Ϫ20% to 50%, a 50% interval from 50% to 500%, and a 150% interval above 500%.
FIG. 14. As in Fig. 13 but for the u component of the wind. lantic basin average, where more accurate forecasts are produced from the application of conventional data than from the application of satellite data. The satellite data improve track forecasts in the longer term by more accurately resolving the steering currents in the oceanic regions when the systems are far from the conventional data network. Figures 19c and 19d show the percent of forecasts during this 2003 time window that were degraded or improved by denying the aggregate satellite and in situ data types. In these two panels values greater than 50% indicate an improvement in track error when the data are used. For completeness, an average of the 12-96-h results is presented on the far right of each panel. In the Atlantic basin the effect of satellite data is to always provide a better forecast than without it. This is also true for the in situ data, except for the 96-h NoCon case where a value of 43% is observed. The remainder of the cases, including the average, demonstrates that approximately 60%-80% of the tracks were more accurate with the inclusion of either data type. It is clear from this study that the addition of both conventional and satellite data improves the track forecasts of tropical systems in the GFS. Note, however, that the sample size is very small, especially for the 72-and 96-h forecasts.
Summary
An observing system experiment (OSE) examining the 0-168-h forecast impact results during 45-day periods in January-February and August-September 2003 has been completed. It quantifies the change in forecast quality in the NCEP GDAS/GFS when all conventional in situ data (NoCon) or all remotely sensed satellite data (NoSat) were removed from the analysis system.
Results indicate that removing the satellite data or conventional data provides comparable forecast degradation through day 7 in the Northern Hemisphere. However, the remotely sensed data are of paramount importance to forecast quality in the Southern Hemisphere. Particularly noteworthy is the very large day 7 anomaly correlation decrease of nearly 0.3 in the Southern Hemisphere after the removal of the satellite data. A further result was that, for fields such as precipitable water and 500-hPa geopotential heights, the extensive coverage of the positive forecast impact from remotely sensed data was retained much longer than was the positive forecast impact coverage from conventional data. Finally, it was found in this study that both the Atlantic and Pacific basin hurricane track forecasts were degraded when either the conventional data or satellite data were denied from the analysis. In general, the degradation was larger with the removal of satellite data.
As a follow-on to this study, the impacts from the different data types going into the aggregate NoSat and NoCon denials of this study are being examined. This work is using the same time periods and GDAS/GFS version as this study and will be presented as a followon to the results discussed here. The work also includes diagnosing the impact of new data types such as atmospheric motion vectors (AMVs) in polar regions from the Moderate Resolution Imaging Spectroradiometer (MODIS), Atmospheric Infrared Radiometer (AIRS) radiances, and ocean surface wind vector measurements from space using WindSAT.
